The utilization of cottonseed meal products as valuable industrial materials needs to be exploited. We have recently produced water-washed cottonseed meal, total cottonseed protein, sequentially extracted water-and alkali-soluble proteins, and two residues after the total and sequential protein extractions at a pilot scale. In this work, the surface characteristics of the six cottonseed meal products were examined by scanning electron microscopy (SEM), scanning electron microscopy-energy dispersive spectrometer (SEM-EDS), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). The results showed that the surface properties of the six products differed from those of a commercial soy protein flour examined comparatively in this work. The compact morphology and relative-high N composition were observed in all three protein products, with greater similarity between the total protein and alkali-soluble protein. The surfaces of the two residue products were more porous with polysaccharide features. Washed cottonseed meal possessed the surface features similar to those of the residues. In the meantime, the N-associated functional groups were under-represented in the surfaces of all samples, compared to their bulk composition. Information derived from this work increased the understanding of the surface functional properties of cottonseed meal products, which would benefit their practical utilization.
Introduction
Cotton is one of the most important non-food crops in the world. From this interesting and renewable resource, it is possible to obtain a large variety of products that can be utilized in many disparate fields (Proto et al., 2000; Liu et al., 2015) . Similarly, cotton is America's number one value-added crop. Much of the cotton land area in the US is located in the southern and southeastern region (e. g., Georgia, Alabama, Mississippi, and Texas) (Bellaloui et al., 2015; Tazisong et al., 2013; Tewolde et al., 2015) . Cotton crop is mainly harvested for the cotton bolls (He et al., 2016d; Liu et al., 2016; Windeatt et al., 2014) . Cotton fiber, cottonseed oil and defatted cottonseed meal are the three major products of cotton bolls. Cotton fiber is used for textiles and clothing and cottonseed oil is used in margarine and soap (Proto et al., 2000) . However, the utilization of defatted cottonseed meal as a valuable industrial stock feed and a fertilizer needs to be further exploited (Grevellec et al., 2001; Grewal and Khare, 2017; He and Cheng, 2017; Swiatkiewicz et al., 2016) . Recent work (Cheng et al., 2013; He et al., 2014a; 2014b; He and Chiozza, 2017) has shown that two cottonseed meal products, washed cottonseed meal (WCSM) and cottonseed protein isolate (CSPI), could be used as "green" wood adhesives. He et al. (2016c) further scaled up the production of WCSM and co-products from laboratory 10-g levels to pilot production levels of 10-lb (4.54 kg) starting material. Generation of a sizable volume of cottonseed meal-based products set the foundation for further promoting the enhanced utilization of cottonseed meal-based products as biobased raw materials. surface properties of protein are related with its numerous functional properties in practical utilization, such as wetting, dispersion, oxidative stability, flowability and rehydration properties Nawaz et al., 2016; Zhao et al., 2011) . Zhao et al. (2015) reported that soy protein powder made by reverse micelle extraction showed more -sheet and pore structures than that extracted by aqueous buffer extraction. The reverse micelles extraction was further shown to affect the C, O and N components on the surface of walnut protein powder . Kelly et al. (2015) found that increasing protein concentration of spray-dried milk protein concentrates resulted in altered surface composition and increased monolayer moisture value and glass-rubber transition temperature values. By measuring surface chemical composition, Saad et al. (2011) reported that the surface composition of native wheat flour possessed an over-representation of protein (54%) and lipids (44%) and an under-representation of starch (2%) compared to the bulk composition. Similarly, Nawaz et al. (2016) found higher contents of proteins and lipids on the surface of rice kernels and flours than in the bulk composition.
Previous characterization of cottonseed meal products were mainly on the chemical composition (Berardi and Cherry, 1979; He et al., 2015; Zhang et al., 2009) , protein structure (He et al., 2013a; 2014c; King, 1980) , and physicochemical properties (Grevellec et al., 2001; He et al., 2016b; Tunc and Duman, 2007; Zhou et al., 2015) . Unlike several agricultural products noted above, the surface characteristics of cottonseed meal products have not been examined so far. Therefore, the objective of the present study was to characterize the surface properties of six cottonseed meal products using scanning electron microscopy (SEM), scanning electron microscopy-energy dispersive spectrometer (SEM-EDS), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). For comparison, a commercially available soy protein flour was also examined in the same way as relevant information is available for soy protein powders (Chen et al., 2013; Zhao et al., 2015; . Characterization of surface properties would enhance their potential utilization for various agro-based and industrial purposes.s.
Method

Materials
Mill-scale produced defatted cottonseed meal was provided by Cotton, Inc. (Cary, NC, USA) and was used as the starting material of the pilot-scale production of washed cottonseed meal and co-products as reported in He et al. (2013a; 2016c) . The six products used in this work were one-step alkali-extracted cottonseed protein isolate (CSPI) and the extraction residual (CSRi), water-soluble protein fraction (CSPw) and alkali-soluble protein fraction (CSPa) and the residual (CSIR) from sequential extraction of cottonseed meal by deionized water and 0.015 M NaOH, and washed cottonseed meal (WCSM). These products were freeze-dried and ground to pass a 0.5-mm screen. Soy protein isolate flour (SPI) was purchased from an on-line vendor (www.bulkfoods.com). It was used without further treatment. All samples were kept in a desiccator at room temperature (22 o C) until use.
Scanning electron microscopy (SEM) and scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS
Samples for SEM analysis were mounted on aluminum stubs with double carbon tape and sputter gold coated for 1 minute (EMS 150R ES, EM Sciences, Hatfield, PA). Samples were then viewed with a FEI Quanta 200 F Scanning Electron Microscope (Hillsboro, OR, USA) with an accelerating voltage of 10 kV in high vacuum mode. The images of samples were then scanned at 500x and 1,000x (magnifications) for comparison of treatment effects.
For EDS processing, samples were mounted on aluminum stubs with double sided carbon tape. Elemental analysis was done with an Oxford Xmax n 80mm 2 Detector (Oxford Instruments, Tubney Woods Abingdon, Oxfordshire OX13 5QX, United Kingdom). Spectra acquisition and interpretation was performed with AZtec software version 3.1 (Oxford Instruments). Spectra were acquired at 30 kV and spot size of 5 for each sample..
X-ray diffraction (XRD) analysis
Samples were analyzed at room temperature by an XRD diffractometer (Scintag, XDS 2000) using a Cu-Kα Xray source with a wavelength (k) of 1.54059 Å. The generator was operated at 43 kV and 38 mA. The divergence and receiving slits were 1.0 and 0.3 mm, respectively. Diffractograms were taken from 3° to 80° (2θ) at a rate of 1.0 2θ min −1 and with a step size of 0.03 (2θ). The run time of each sample was about 45 min with counting time per step = 3.0 sec (calculated).
X-ray photoelectron spectroscopy (XPS)
XPS measurements were conducted on a VG Scientific MKII system (West Sussex, UK) using an Al Kα anode as excitation source (hν = 1486.6 eV) at 15 kV 40 mA. The pressure in the chamber during analysis was <5×10 -8 mbar. The sample powders were loosely packed in stainless steel sample holders, and the surface was leveled. The whole surface (about half inch diameter) of each sample was radiated with X-ray. Scans were carried out with a pass energy of 20 eV with the energy step of 0.2 eV and the step time of 10 seconds for survey scans or 60 seconds for select region scans. The binding energy of the spectrometer has been calibrated by referencing to the C1s peak at 284.8 eV. It is a common practice to use the carbon C 1s peak at 284.8 eV as reference for charge compensation as the C1s component is bound exclusively to carbon or hydrogen (Ahimou et al., 2007; Liu et al., 2014; Olivares et al., 2006; Yang et al., 2016) . Peak fitting was performed with custom VBA program in Microsoft Excel using Voigt profiles together with a Shirley background function
Results and Discussion
SEM and SEM-EDS morphological characteristics
Morphological characteristics of the seven samples are shown in Figure 1 . The surface of CSIR and CSRi samples was irregularly wrinkled with light spongy porous structures. This feature was apparently attributed to predominant insoluble polysaccharide components (fiber, cellulose, hemicellulose, lignin etc.) left in the two residual samples after protein extraction and removal of other soluble components . The microstructure of WCSM sample looked like the surface features of the residual samples, but with more flat areas. The particles of the three cottonseed protein products (i.e., CSPI, CSP and CSPw) showed crystalline features tight surfaces and sharp angles. There were no obvious open pores observed. The morphologies of the cottonseed protein products, and afterextraction residues were similar to those of separated wheat protein and arabinoxylans (hemicelluloses), respectively (Saad et al., 2011) . On the other hand, the microstrcutures of these cottonseed proteins were not as smooth as that of the commercial soy protein powder used in this work for comparison purpose. Their particle size distribution was also not as homogenous as the soy protein powder. Indeed, the morphology of the soy protein powders was not like those reported in Zhao et al. (2015) , rather than spray-dried milk protein concentrates with attached spherical shape protein on the surface (Kelly et al., 2015) . The difference in these observations could be attributed to the fact that both protein concentrations and treatment procedures could have affected the morphology of protein products. Kelly et al. (2015) reported that the low protein powders of spray-dried milk products had a wrinkled surface and, as the protein content increased, the powder surfaces became smoother with smooth dimples evident as observed in our soy protein sample. Figure 1 . SEM images of the cottonseed meal products and soy protein samples. CSPI, one-step alkali-extracted cottonseed protein isolate (CSPI); CSPw and CSPa, sequentially extracted water-soluble protein fraction and alkali-soluble protein fraction, respectively; CSIR, the residual fraction after the two-step sequential extraction by water and alkali; CSRi, the residual fraction after one-step alkali extraction; WCSM, water-washed cottonseed meal; and SPI, soy protein isolate Figure 2 . EDS spectrograms of alkali-soluble cottonseed protein (CSPa), water washed cottonseed meal (WCSM), total cottonseed protein isolate (CSPI), and control samples (urea, L-tryptophan, and L-tyrosine)
EDS analysis (Surface composition)
The EDS spectrograms of the seven samples looked similar. The representative spectrograms of CSPa,WCSM, and CSPI samples are presented in Figure 2 . Strong peaks of C and O were detected as they are the major elements in organic materials. Several trace mineral elements (i.e. Ca, Cu, Na, Mg, K, and P) were also detected in the surface of these cottonseed meal products and soy protein powders. The percentage order of these minerals in the cottonseed meal products was similar to that in the bulk samples determined previously with ICP spectrometer after acid digestion (He et al., 2016c) . However, the values of the percentages determined by SEM-EDS were lower by 30-50% (Table 1) . The Cl ion found in all four protein samples (i. e., CSPw, CSPa, CSPI, and SPI) might be the residues of HCl during pH neutralization for protein precipitation. In the seven samples, SPI possessed the highest C and lowest O contents. The contents of the two elements in CSPa and CSPI were similar, consistent with the similar molecular structure and protein patterns of the alkaline-soluble cottonseed protein fraction and the total protein isolate reported previously (He et al., 2013a; 2014c) . Compared to other three protein samples, CSPw possessed a lower C and higher O contents, which could be attributed to protein was accounted only about 65% of the mass in the pilot-produced CSPw fraction (He et al., 2016c) . The two residues after protein extractions (i.e., CSIR and CSRi) were at the similar levels of C and O, suggesting no difference in the chemical composition of the residues after the protein extracted either by one-step or two-step procedures. The increase in O content, compared to the protein samples, would be attributed to the O-rich polysaccharide components in the residues. It was observed that WCSM which still contained protein components possessed even higher O content than the two residues samples, suggesting that some O-rich components could be more oriented at the surface of WCSM particles. Indeed, the high P, K and Mg in WCSM was evidence of the presence of O-rich K and Mg phytate (inositol) (He et al., 2006; 2013b) . These phytate compounds might have interacted with protein components in WCSM richened in the surface region (Han, 1988; Luna-Valdez et al., 2017) . It was noteworthy that N, a representative protein component, did not appear in the EDS spectrograms of these protein samples, which was consistent with the earlier obversation with WCSM samples with different particle sizes (He et al., 2017a) . Therefore, we also ran the SEM-EDS analysis of simple organic N compound urea (H 2 NCONH 2 ) and two amino acids (i. e. two-N L-tryptaphan and one-NL-tyrosine) (Figure 2 ). The N peak of urea was obvious between the C and O peak, and accounted for about 47% of the sample mass. But no N peak was observed in the spectrograms of the two amino acids. These observations indicated the capability of the EDS in detecting N atom; and the failure in N detection in our SEM-EDS was more due to the complicated sample matrix as the matrix exerts significant effects on the detection of N by SEM-EDS (Gazulla et al., 2013) . Hou et al. (2017) examined protein (bovine serum albumin, BSA) fouling control during membrane distillation process. Their SEM-EDS spectrograms of the fouling scattered on membrane surface with BSA in the absence and presence of calcium ion showed the N peak clearly between the C and O peaks. The SEM-EDS analysis revealed that the deposit on the membrane surface was the complex formed by BSA and calcium chloride. However, Muruganantham et al. (2009) did not report the detection of N in the leaf, stem and root samples of two medicinal plants, Eclipta alba Hassk and Eclipta prostrata Linnm using SEM-EDS. Luna-Valdez et al. (2017) were puzzled when no N was detected in aqueous extracts of wheat bran (AEWB) nanoparticles prepared with CaCl 2 treatments even though the protein content in these AEWB samples was high. They hypothesized that the protein molecules were in the center of the particles, covered by a layer of polysaccharides and/or other components, so that the X-rays were not able to reach the amino acid residues and excite the electrons of N. While the protein purity of CSPa, CSPI, and SPI were quite high (about 100%), the lack of the N peak could not be attributed to the masking effect of nonprotein components only. Perhaps, non-N atoms or groups of atoms shielded N from the surface of the protein structures. Further rigorous studies are needed to validate this assumption.
XRD Examination
The XRD patterns of the seven samples are presented in Figure 3 and the quantitative data are presented in Table  2 . There were two obvious peaks at 2θ of about 9.4 and 20⁰ in the XRD pattern of the four protein samples. These features are typical for soy protein powders, reflecting the α-helix and β-sheet structures of protein molecules, respectively (Chen et al., 2013; Luo et al., 2016; Zhao et al., 2015) . The intensity of both peaks was in the order CSPa < CSPI < CSPa, indicating that the two-step fractionation unequally delivered less α-helix and β-sheet protein components into water-soluble fraction than alkali-soluble fraction. In addition, the ratios of the intensity of Peak 1 and 2 were 0.35 for CSPw and 0.49 for CSPa, respectively. Therefore, the water-soluble cottonseed protein fraction (CSPw) contained less α-helix structure than the alkali-soluble fraction (CSPa). The intensity of the two peaks and their ratio (0.41) of the total cottonseed protein (CSPI) were between the values of the two fractions also confirmed the unequal distribution of the a-helix and b-sheet structures into the two fractions. The difference in the secondary structure was not observed in the bulk CSPw and CSPa samples based on FTIR analysis (He et al., 2013a) . However, the difference in the a-helix and b-sheet structures was also observed in the 7S and 11S globulins from soybean proteins based on XRD analysis (Chen et al., 2013) . On the other hand, it is noteworthy that the quantitative data of soy protein sample (SPI) we tested were closer to CSPa, rather than total cottonseed protein (CSPI). . CSPw and CSPa, sequentially extracted water-soluble protein fraction and alkali-soluble protein fraction, respectively; CSPI, one-step alkali-extracted cottonseed protein isolate; CSIR, the residual fraction after the twostep sequential extraction by water and alkali; CSRi, the residual fraction after one-step alkali extraction; WCSM, water-washed cottonseed meal; and SPI, soy protein isolate.
The XRD patterns of WCSM were similar to those of CSIR and CSRI, but differed from the other four protein samples (Figure 3 ). Compared to those of protein samples, the minor peak became a weak shoulder. The major peak shifted to 2θ at about 23⁰. Similarly, an additional minor peak appeared at 2θ near 35⁰ (Table 2 ). These features were more similar to those of cellulose and other lignocellulosic materials (Tserki et al., 2005; Zhang et al., 2014) . Tserki et al. (2005) reported that the XRD patterns of spruce flour and oil husk flour exhibited two well defined peaks at 2θ of 22.0⁰ (major) and 34.4⁰ (minor), and a broad shoulder at 2θ near 16.0⁰. These features were attributed to cellulose crystallographic form I. Furthermore, weaker shoulder at 2θ near 16.0⁰ would suggest that cellulose I lattice was severely distorted with a low order (i.e., high amounts of amorphous materials such as lignin, hemicelluloses, and amorphous cellulose) (Zhang et al., 2014) . In our samples, the shoulder at 16⁰ was not observed. Thus, we assumed the major structures of WCSM, CSIR and CSRi shown by XRD were the mixtures of cellulose I and amorphous cellulose. Intensity data (Table 2) suggested that there was no difference in the cellulose structure content between the two residual samples CSIR and CSRi, but less content in WCSM sample. This observation seemed reasonable as WCSM also contained protein ingredients.
XPS analysis
The XPS survey spectra of the seven samples are presented in Figure 4 . The three predominant features were the C1s, O1s and N1s peaks. Elemental analysis of the surface of theses samples was based on binding energies of C1s, N1s and O1s, which were in the ranges of 281-293, 397-408, and 528-533 eV, respectively (Kelly et al., 2015) . For comparison, available bulk composition of C and N of several samples is also presented (Table 3 ). The data of C and O detected by XPS (Table 3) were not exactly the same as those of SEM-EDS (Table 1) . The different values were apparently due to the fact that the total elemental composition detected by the two methods was not the same. The different surface layers detectable might also play a role in the difference such as XPS determined the elemental composition of the outmost surface layer (6 nm depth) of the protein samples (Zhao et al., 2015) .
XPS analysis showed that the C level was relatively higher on the surface than in the bulk, which was also consistent with the trend of the SEM-EDS data (Table 1) . On the other hand, the N level was markedly lower on the surface than in the bulk only in CSPa, CSPI and SPI samples (>4%). The difference in the N content in other four samples was < 1% between the surface and bulk samples. Based on XPS analysis, Kelly et al. (2015) observed that protein and fat contents were higher, but lactose and mineral contents were lower, in surface than in the bulk of their milk protein concentrate powders. Our data are not consistent with their observation. It is obvious that the C, N, O data in Table 3 could be separated into two groups. The first group could be cottonseed protein products (CSPw, CSPa, and CSPI). They possessed lower C and O contents, but higher N content than the second group of WCSM, CSIR and CSRi. The data indicated that, similar to their bulk composition, the surface of cottonseed protein products was protein rich, and the surface of the meal and residues after protein isolation were rich in carbohydrate. In this work, XPS analysis revealed that the surface of the soy protein samples SPI has the highest C content, but the lowest N and O contents among the seven samples. These data seemed to suggest that the C side groups, rather than the amino groups were more tending or aligned to the surface in the soy protein powder.
High resolution XPS spectra of C, N, and O peaks of representative CSPI are in Figure 5 . Our data did not allow us to discern among N species or O species, with only one peak each having the best fitting. On the other hand, deconvulation identified four C species with C(1) as the primary C, C(3) as the moderate C, and C(2) or C(4) as minor C species (Table 4 ). In addition, there was an unresolved X peak about 4 eV lower than C1s peak. This peak could be an artifact, or an unidentified C species. Currently, most studies (Ahimou et al., 2007; Liu et al., 2014; Yang et al., 2016) assigned the major C(1) peak as the lowest C peak with the binding energy at 284.8 eV. However, literature is available for C species with lower binding energy values. Zhao et al. (2011 Zhao et al. ( , 2015 set the value of C(1) peak at 283.6-283.8 eV, leaving the difference between C(2) and C(1) peaks at 3.1 eV, rather than about 1.5 ev as in Table 4 . Olivare et al. (2006) observed a C-C aromatic bond related peak at the binding energy of 284.3 eV, lower than the major peak (284.9 eV) of the C-C aliphatic bonds. However, the unidentified X peak in Figure 5 was more apparent and shifted lower than the binding energy shifting in the studies of Zhao et al. (2011; and Olivare et al. (2006) . Whereas the X peak was presents in all seven samples, more rigorous studies are needed to clarify its identity. Based the assignments in literature (Ahimou et al., 2007; Liu et al., 2014; Yang et al., 2016) . The eV value of a specific peak of each sample changed slightly for best fitting. . CSPw and CSPa, sequentially extracted water-soluble protein fraction and alkali-soluble protein fraction, respectively; CSPI, one-step alkali-extracted cottonseed protein isolate; CSIR, the residual fraction after the twostep sequential extraction by water and alkali; CSRi, the residual fraction after one-step alkali extraction; WCSM, water-washed cottonseed meal; and SPI, soy protein isolate. Quantitative analysis of the four C species indicated that the C-C aliphatic bond components [C (1) peak] dominated the surface of all seven samples (Table 4) . Even though, the apparent difference in the C-C aliphatic components was observed in the protein samples and the carbohydrate residual samples after protein extraction. Similarly, N-associated C functional groups [C(2) peak] found only with the four protein samples; O-associated carboxyl and ester C functional groups found only with the residual samples. These results were consistent with the total C, N, O peak abundances detected by the XPS analysis (Table 3) . The predominant C-C functional group in these samples (especially the protein samples) implied that the N-associated functional groups were underrepresented on the surface, and might also be attributed, in part, to the undetected N peak by SEM-EDS ( Figure  2 ). XPS analysis was used to determine the elemental composition of the outermost 45 Å of the surface layer (6 nm depth). For SEM-EDS with an accelerating voltage of 10 kV, the electron beam can penetrate to a thickness about 200 nm (Miculescu et al., 2011) . Soy protein sample SPI showed the distribution pattern of the surface composition which was the same as that of the cottonseed protein samples. However, the specific values of the three C functional groups were obviously different from those of cottonseed proteins, which apparently led to the different morphology observed in Figure 1 . Furthermore, the data of the surface C functional groups showed greater similarity between CSPI and CSPa than between CSPw and CSPI. Therefore, CSPa could be used in explanation of the similarity and difference of intrinsic fluorescence of the three protein samples observed previously (He et al., 2014c) . The deconvulation data also demonstrated again that the surface composition of WCSM had greater similarity to that of residual sample CSIR and CSRi than that of cottonseed protein samples CSPw, CSPa, and CSPI. Figure 6 . XPS spectra of the C, N, and O peaks of cottonseed protein isolate (CSPI) and their deconvolution curves
Conclusion
Multiple instrumental techniques revealed the morphology and surface composition of six cottonseed meal products which differed from a commercial soy protein product. One-step total cottonseed protein isolate and twostep sequentially extracted water and alkali soluble cottonseed fractions all showed compact crystalline structures while the residues after protein extraction either by one-step or two-step procedures showed more loose and porous structures. The surface composition of the protein samples were N-associated but under-represented. The surface composition of the residues was characterized by the hydrocarbon (polysaccharides) features, distinct from the proteins. Although it contained both insoluble protein and polysaccharide components, the water-washed cottonseed meal demonstrated its surface features more similar to the polysaccharide-predominant residual samples than to the protein samples.
